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Disruption of TRPM2 attenuates inflammatory mediator production [14] [15] [16] and phagocytic activity. 14 TRPM2 is also necessary for the production of interferon-γ and protects mice against Listeria monocytogenes infection. 17 In contrast, one recent study reported that TRPM2 deficiency promoted endotoxin-induced lung inflammation and injury. 18 These findings suggest that TRPM2 may involve in the pathogenesis of sepsis by immnuoregulating the macrophage function. However, to date, the role and the underlying mechanism of TRPM2 in polymicrobial sepsis remain insufficiently understood.
Heme oxygenase-1 (HO-1), a stress-responsive enzyme, plays a key role in protecting the host against injury during inflammation. 19 Furthermore, HO-1 also plays a protective role in host defense against microbial sepsis by enhancing bacterial clearance. 20 A recent study indicates that calcium influx is critical for HO-1 induction. 21 Whether TRPM2mediated calcium influx plays a role in sepsis by regulating HO-1 expression is unknown.
In this study, we sought to investigate the role and mechanism of TRPM2 in the pathogenesis of polymicrobial sepsis. We found that mice deficient in TRPM2 had significantly increased mortality compared with the mortality of wildtype (WT) mice. The increased mortality was associated with increased bacterial burden. We uncovered an important protective role of TRPM2 in controlling bacterial clearance during polymicrobial sepsis possibly via regulation of HO-1 expression. Furthermore, TRPM2 levels correlated with HO-1 levels in monocytes from septic patients and contributed to the outcome of sepsis.
Materials and Methods

Mice and Sepsis Model
Trpm2-knockout (KO) mice (backcrossed for 12 generations onto the C57BL/6 background) were maintained in our laboratory. Male C57BL/6 WT mice were purchased from Zhejiang Province Experimental Animal Center. All animal experiments were approved by the Institutional Animal Care and Use Committees of Zhejiang University (Hangzhou, Zhejiang Province, People's Republic of China) and the Graduate School of Engineering, Kyoto University (Kyoto, Japan). The cecal ligation and puncture (CLP)-induced sepsis model was generated as previously described. 22 After the mice were anesthetized using an intraperitoneal injection of 80 mg/kg pentobarbital, the cecum was exteriorized via a 1-cm abdominal midline incision and ligated using a 4-0 silk ligature at midway between distal pole and the base of cecum. The cecum was then punctured once through both surfaces using a 21-gauge needle at the middle of the ligation and the tip of the cecum. The cecum was replaced after extruding a small amount of fecal material, and the abdomen was then closed. All mice received 1 ml of normal saline subcutaneously after surgery. Sham CLP mice underwent the same procedure as described above but without being ligated and punctured. On the basis of one previous report, 23 additional mice were injected with 10 mg/kg hemin (Sigma-Aldrich, St. Louis, MO) or vehicle (intraperitoneal) every other day (three times) before CLP. Hemin was dissolved in 10% ammonium hydroxide containing 0.15 M NaCl and further diluted 1:100 using 0.15 M NaCl. Hemin solution was filter-sterilized. Survival rate was monitored once daily for 7 days. Mice were randomly assigned to experimental groups. All further experiments were blinded to murine genetype and treatment.
Bacterial Burden Determination
The bacterial count was analyzed as previously described. 24 The blood was collected aseptically at 24 h after CLP or sham CLP surgery and then serially diluted in sterile phosphate-buffered saline (PBS). This diluent (100 μl) was plated onto tryptic soy agar plates and incubated at 37°C. Colonyforming units (CFUs) were counted at 24 h, and results were expressed as CFU per milliliter blood. Peritoneal lavage fluid (PLF) was collected by washing the peritoneal cavity with 5-ml sterile PBS. After serial dilutions, 100 μl of this diluent was plated on tryptic soy agar plates and incubated at 37°C. CFUs were counted at 24 h, and results were expressed as CFU per milliliter PLF. For bacterial analyses of organs, the lung, liver, and spleen were homogenized in 1 ml sterile PBS. After serial dilutions, 100 μl of each organ sample was plated on tryptic soy agar plates and incubated at 37°C. CFUs were counted at 24 h, and results were expressed as CFU per organ.
Tissue Histological Analyses
Histological analyses were performed as described previously. 25, 26 At 24 h after CLP, the mice were anesthetized and euthanized. The left lung and left lobe of the liver were fixed in 4% paraformaldehyde for 24 h and then sectioned serially. A 4-point scale (0 denoted normal lungs; 1, mild, less than 25% lung involvement; 2, moderate, 25 to 50% lung involvement; 3, severe, 50 to 75% lung involvement; and 4, very severe, >75% lung involvement) was used to evaluate lung damage based on alveolar congestion, capillary congestion, leukocyte or neutrophil infiltration, and thickness of the alveolar wall. 25 Using an image analyzing system (Automated image analysis software; Olympus, Hamburg, Germany), leukocyte infiltration in the lung was estimated by quantitative morphometric analysis. Liver damage was based on necrosis characterized by loss of architecture, vacuolization, karyolysis, and increased eosinophilia. A scale of 0 to 4 (0 denoted normal liver; 1, mild; 2, moderate; 3, severe; and 4, total necrotic destruction of the liver) was used to evaluate liver damage. 26 
Lung Wet/Dry Weight Ratio
Both lungs were removed, blotted, and weighted immediately at 24 h after CLP or sham CLP surgery. The lungs were dried at 60°C for 48 h and reweighed. A percentage Qian et al.
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Bronchoalveolar Lavage Fluid
At 24 h after CLP or sham CLP surgery, the mice were anesthetized with an intraperitoneal injection of 80 mg/kg pentobarbital. The lungs were lavaged using three separate 0.5-ml ice-cold PBS. The lavage was centrifuged at 1,500 rpm for 10 min at 4°C. Total protein levels in the supernatant were measured using a bicinchoninic acid protein assay kit (Thermo Scientific, Inc., Rockford, IL).
Serum Alanine Aminotransferase Activity Assay
Blood was collected at 24 h after CLP or sham CLP surgery. Using an alanine aminotransferase assay kit (Abcam, Cambridge, MA), serum alanine aminotransferase concentration was measured according to the manufacturer's instructions.
Cytokine Measurement
Blood was collected at 24 h after CLP or sham CLP surgery. The serum levels of IL-6 (R&D Systems, Minneapolis, MN) and high mobility group protein B1 (Shino-Test Co., Kyoto, Japan) were measured by enzyme-linked immunosorbent assay according to the manufacturer's instructions.
Mouse Primary Bone Marrow Cell Culture
Bone marrow progenitors collected from both femur and tibia of WT or Trpm2-KO C57BL/6 mice were suspended in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific). After centrifuging at 2,000 rpm for 5 min, hypotonic solution was used to lyse erythrocytes. Cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS; Moregate Bio-Tech, Bulimba, Queensland, Australia), 100 units/ml penicillin, and 100 μg/ml streptomycin (Gibco Invitrogen, Carlsbad, CA) in 75-cm 2 flasks overnight to remove matured cells. Nonadherent cells were collected, and 5 × 10 6 cells were differentiated in six-well plates for 4 days in RPMI 1640 medium containing 10% FBS, 0.1 mM nonessential amino acids, 2 mM L-glutamine, 100 units/ ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate (all from Gibco Invitrogen), and 20 ng/ml mouse granulocyte macrophage-colony stimulating factor (PeproTech, Rocky Hill, NJ). Cells were cultured in a humidified atmosphere at 37°C in 5% CO 2 and 95% air.
Electrophysiology
Whole cell patch recordings for current clamp and voltage clamp were recorded using nystatin-perforated patch technique on bone marrow-derived macrophages (BMDMs) from WT mice or Trpm2-KO mice at room temperature (22° to 25°C) with Axopatch 200B (Molecular Devices, Sunnyvale, CA) patch clamp amplifier as previously described. 27 For whole cell recordings, the Na + -based bath solution contained 145 mM NaCl, 0.4 mM CaCl 2 , 1.2 mM MgCl 2 , 11.5 mM HEPES, and 10 mM D-glucose (pH adjusted to 7.4 with NaOH, and osmolality adjusted to 320 mosmol/ kg H 2 O with D-mannitol). The pipette solution contained 55 mM K 2 SO 4 , 20 mM KCl, 5 mM MgCl 2 , 0.2 mM EGTA, and 5 mM HEPES (pH adjusted to 7.4 with KOH, and osmolality adjusted to 300 mosmol/kg H 2 O with D-mannitol). Ramp pulses were applied every 10 s from −100 mV to +100 mV from a holding potential of 0 mV at a speed of 4 mV/ms.
Western Blot Assay
Western blot was performed as described in one previous report. 28 Before boiling the lysates at 70°C for 10 min, ×4 lithium dodecyl sulfate sample buffer (Novex, Carlsbad, CA) and ×10 sample reducing agent (Novex) were added at a final concentration of ×1. Equal amounts of protein (30 μg) were added into each wells of a 12% Bis-Tris polyacrylamide gel (Novex) and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were then transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA). The membranes were then blocked in Tris-buffered saline with 0.05% Tween-20 (Sigma-Aldrich) containing 5% nonfat dry milk for 1 h. For whole cell lysates, the membranes were incubated in primary antibody solution of HO-1 (1:1,000 dilution, monoclonal anti-HO-1 antibody; Epitomics, Inc., Burlingame, CA) and α-tubulin (as an internal standard, 1:1,000 dilution, monoclonal anti-α-tubulin antibody; Sigma-Aldrich) overnight on a shaker on ice. Three washes with Tris-buffered saline with 0.05% Tween-20 were followed by incubation of the membrane with horseradish peroxidase-conjugated secondary antibody (Jackson Immu-noResearch Laboratories, Inc., West Grove, PA) solution for 1 h on a sharker at room temperature. After three washes with Tris-buffered saline with 0.05% Tween-20, the bands were detected by enhanced chemiluminescence solution (Thermo Scientific) and Kodak film (Carestream Health, Rochester, NY).
Measurement of Intracellular Ca 2+
On the basis of a previous report, 29 intracellular Ca 2+ concentration after lipopolysaccharide (Escherichia coli serotype 0111:B4; Sigma-Aldrich) stimulation was measured using a VARIOSKAN Flash (Thermo Scientific), and 1 × 10 4 BMDMs were cultured in a 96-well plate for 24 h. After the lipopolysaccharide stimulation, cell monolayers were washed twice in PBS. Fluo-3 acetoxymethyl (2.5 μM; Dojindo Laboratories, Kumamoto, Japan) in phenol red-free 1640 RPMI medium was added to each well of the 96-well plate, and the plate was incubated at 37°C for 30 min and then washed twice in PBS to remove free fluo-3 acetoxymethyl. The intracellular Ca 2+ fluorescence signal was measured at intervals of 15 s. The fluorescence of fluo-3 acetoxymethyl was excited at 508 nm and measured using a 527-nm filter. The changes in fluorescence intensity were denoted as lipopolysaccharideinduced changes in intracellular Ca 2+ concentrations. Qian et al.
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In Vitro Phagocytosis and Bacterial Killing by BMDMs
Bone marrow-derived macrophages were resuspended in RPMI 1640 medium containing 10% FBS (without antibiotics) and were plated at 2 × 10 5 cells per well in 24-well flat-bottom plate. Phagocytosis and bacterial killing assays were performed as described previously. 30 To determine the phagocytic function of macrophages, 2 × 10 7 E. coli (DH5α; Sigma-Aldrich) were added in the well containing 2 × 10 5 adherent BMDMs. Centrifuged the 24-well plate at 1,500 rpm for 2 min and incubated the plate at 37°C for 1 h. The cells were then washed using PBS and lysed with 500 μl 0.1% Triton X-100 for 5 min. Cell lysates were serially diluted with PBS and plated on Luria-Bertani agar plates to determine phagocytic capacity by counting the number of CFU after incubating the plates at 37°C. To determine the bacterial killing capability of macrophages, 2 × 10 7 E. coli was added in the well containing 2 × 10 5 adherent BMDMs. After centrifuging the 24-well plate at 1,500 rpm for 2 min, incubated the plate at 37°C for 1 h. The cells were then washed with PBS three times and further cultured in medium containing gentamicin (100 μg/ml) for 12 h at 37°C to kill extracellular bacteria so that only intracellular bacteria were quantified. After washing with PBS, the cells were lysed with 500 μl 0.1% Triton X-100 for 5 min. Cell lysates were serially diluted with PBS and plated on Luria-Bertani agar plates to determine the bacterial killing capacity by counting the number of CFU after incubating the plates at 37°C. In some experiments, hemin was dissolved in 10% ammonium hydroxide containing 0.15 M NaCl and further diluted 1:100 using 0.15 M NaCl. Hemin and vehicle solution were filter-sterilized. After treatment with hemin or vehicle for 6 h, the supernatant was removed and the wells were washed with PBS three times and then added lipopolysaccharide or E. coli for further experiments.
Peritoneal Macrophage Isolation
At 24 h after CLP or sham CLP surgery, the mice were euthanized and dampened with 70% ethanol. After exposing the caudal half of abdominal wall by retraction, a 25-gauge needle was inserted into the peritoneal cavity. The needle was fixed with a vascular clamp and three separate 3 ml PBS were injected into the cavity. Slowly withdrew the lavage fluid containing peritoneal cells after gently shaking the entire body for 10 s. Lavage fluid was centrifuged and washed twice with PBS. The cell pellets were resuspended in 2 ml RPMI 1640 medium (Thermo Scientific) containing 10% FBS (Moregate BioTech), 100 units/ml penicillin, and 100 μg/ml streptomycin and were cultured in six-well plates for 2 h in a humidified atmosphere at 37°C in 5% CO 2 and 95% air to allow macrophages to adhere. The supernatant was removed and the adherent macrophages were washed twice with PBS. The adherent macrophages were then harvested. The attached culture consisted of approximately 80% macrophages as assessed by F4/80 expression by flow cytometry assay.
Patients
This prospective study was approved by the ethics committee of the First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China, and informed consent was received for all patients from legally authorized representatives. From October 18, 2012 to March 1, 2013, 25 patients were admitted to the intensive care unit of the First Affiliated Hospital, College of Medicine, Zhejiang University and were considered for inclusion in this study if they met the criteria for severe sepsis or septic shock as defined as following: severe sepsis was defined by the presence of a known or suspected (without being microbiologically confirmed) source of infection and a systemic inflammatory response syndrome complicated by organ dysfunction. 31 Septic shock was defined by the presence of known or suspected (without being microbiologically confirmed) source of infection, a systemic inflammatory response syndrome, and a state of persistent hypotension (a systolic arterial pressure of <90 mmHg, mean arterial pressure of <60 mmHg, or a reduction in systolic arterial pressure of >40 mmHg from baseline despite adequate volume resuscitation) in the absence of other causes of hypotension. 31 Exclusion criteria for the current study included the following: age younger than 18 yr, with human immunodeficiency virus infection, treatment with corticosteroids or chemotherapy within 4 weeks, or inability to provide informed consent. Ten patients in the intensive care unit who did not show features of systemic inflammatory response syndrome or any evidence of infection were enrolled as nonseptic control patients. Clinical and demographic data were recorded within the first 24 h after diagnosis of severe sepsis or septic shock by two senior intensivists. Acute Physiologic and Chronic Health Evaluation II scores, Sequential Organ Failure Assessment scores, and 30-day mortalities were recorded for all patients. There were no dropouts or data lost from the procedures in any manner.
Isolation of Human Monocytes
Peripheral blood mononuclear cells were isolated using Ficoll density gradient centrifugation. 32 In brief, the blood was diluted with PBS. The diluted blood was then added gently to the top of the Ficoll solution (Sigma-Aldrich) and then centrifuged at 2,000 rpm for 20 min. The middle layer containing the mononuclear cells was then aspirated and washed twice with PBS. The cell pellets were resuspended in 2 ml RPMI 1640 medium (Thermo Scientific) containing 10% FBS (Moregate BioTech), 100 units/ml penicillin, and 100 μg/ml streptomycin (Gibco Invitrogen) and cultured in six-well plates for 2 h in a humidified atmosphere at 37°C in 5% CO 2 and 95% air. After washing the adherent monocytes three times with PBS, 1 ml TRIzol ® reagent (Invitrogen, Carlsbad, CA) was added to obtain RNA.
Quantitative Real-time Polymerase Chain Reaction
Quantitative real-time polymerase chain reaction was performed according to one previously published research with some modifications. 33 Total RNA from monocytes of septic Qian et al.
A Protective Role of TRPM2 in Sepsis patients was isolated using the TRIzol ® reagent (Invitrogen) according to the manufacturer's instructions. Using a first-strand complementary DNA synthesis kit (Promega, Madison, WI), single-stranded complementary DNA was synthesized. Complementary DNA (1 μl) was amplified in a 9-μl mixture containing 5 μl iTaq Universal SYBR Green Supermix (BioRad, Hercules, CA), 1 μl forward primer, 1 μl reverse primer, and 2 μl nuclease-free water in a rapid thermal cycler (CFX96 Real-Time System; BioRad). Each sample was run three times. After preamplification (95°C for 1 min), the samples were amplified over 40 cycles (95°C for 15 s, 58°C for 20 s, and 72°C for 20 s) with a final stop of 72°C for 5 min. All quantitative real-time polymerase chain reaction primers (table 1) were purchased from Invitrogen. Size and melting curves were performed to confirm the formation of specific polymerase chain reaction amplicons. TRPM2 and HO-1 messenger RNA (mRNA) expression in peripheral blood monocytes from septic patients (severe septic or septic shock patients) relative to controls (nonseptic patients) was analyzed using the 2 −ΔΔCT model. The mean fluorescence and threshold values (C T ) of the control gene (β-actin) were subtracted from the target gene (TRPM2 and HO-1) values to determine ΔC T . The ΔΔC T was determined by subtracting the mean ΔC T of the control group from the septic patient group. The fold change of the target genes in septic patients relative to that in the control patients was then obtained by calculating 2 −ΔΔCT .
Statistical Analyses
Data are presented as the mean ± SD or mean ± SEM where applicable. Differences between the two groups were analyzed using unpaired Student t tests. One-way ANOVAs were used to assess differences among groups, and the Bonferroni test (equal variances assumed) or Tamhane T2 test (equal variances not assumed) were used for multiple comparisons. The survival rate of septic mice was analyzed using the log-rank test. For analysis of data obtained from septic patients or nonseptic patients, we used the chi-square test to compare mortality rates between the two groups. The relations between TRPM2 and HO-1 in monocytes from septic patients were assessed using the Spearman correlation test. All data were analyzed using SPSS 17.0 for Windows (SPSS, Chicago, IL). P value less than 0.05 was considered statistically significant. The sample sizes in the current study were justified based on previous works.
Results
Trpm2-KO Mice Show Decreased Survival Rate after Polymicrobial Sepsis
To investigate the overall effect of TRPM2 during polymicrobial sepsis, we assessed the survival rate of Trpm2-KO and WT mice after CLP. A CLP model with moderate lethality was generated both in Trpm2-KO and WT mice, and the survival rates were monitored for 7 days. The survival rate was 26.7% in Trpm2-KO mice and 60% in WT mice (P = 0.0289; fig. 1 ). Therefore, this finding suggests that TRPM2 plays a protective role in polymicrobial sepsis.
Trpm2-KO Mice Show Increased Bacterial Burden after Polymicrobial Sepsis
Previous study suggests that TRPM2 plays an important role in controlling L. monocytogenes infection. 17 To evaluate whether TRPM2 plays an important role in controlling bacterial clearance in the CLP model, the bacterial burden in the blood, PLF, and vital organs was examined. At 24 h after CLP, the Trpm2-KO mice showed a significant increase in bacterial burden in the blood, PLF, liver, lung, and spleen compared with that in WT mice ( fig. 2 ). These data suggest that TRPM2 plays an important role in controlling bacterial clearance during polymicrobial sepsis, which may contribute to its high survival rate.
Trpm2-KO Mice Show Increased Organ Injury and Systemic Inflammation after Polymicrobial Sepsis
Vital organs, such as lung and liver, are damaged during sepsis, which is associated with mortality. Hematoxylin and eosin staining was used to examine lung and liver injury. In the CLP septic mice, lung tissues showed alveolar congestion, accumulation of leukocytes, and impaired alveoli. 25 Table 1 . Primer Sequences for the Human Genes 
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The liver tissues of CLP mice showed increased vacuolization, cell disruption, and karyolysis. 26 At 24 h after CLP surgery, mice with TRPM2 gene deletion had significant lung and liver injury (fig. 3A) . The lung injury indicators including lung injury scores, leukocytes infiltration, lung wet-to-dry weight ratio, and total protein concentration in bronchoalveolar lavage fluid were significantly higher in Trpm2-KO mice than in WT mice ( fig. 3B ). Trpm2-KO mice also have higher liver injury scores and serum alanine aminotransferase concentration compared with WT mice (fig. 3C ). In addition, the serum IL-6 and high mobility group protein B1 levels were higher in Trpm2-KO mice than in WT mice ( fig. 3D ).
Disruption of TRPM2 Attenuates Lipopolysaccharide-induced HO-1 Expression in Macrophage via Decreasing Ca 2+ Influx
Because TRPM2 is known as a redox-senstive Ca 2+ channel, the role of lipopolysaccharide in the channel is needed to clarify. Among BMDMs tested from WT mice, cells displayed lipopolysaccharide-induced whole cell currents with a linear current-voltage relation and a reversal potential (E rev ) (WT BMDM; E rev = −2.6 ± 0.5 mV; n = 7), which are characteristic of TRPM2 channels ( fig. 4, A and B) . 15, 27, 34 In BMDMs from Trpm2-KO mice, this lipopolysaccharideinduced current was abolished (n = 10) ( fig. 4 , C-E). Thus, TRPM2 mediates lipopolysaccharide-induced cationic currents in murine BMDMs. We further explored the role and mechanism of TRPM2 in bacterial clearance. A recent report suggested that HO-1 is critical for the host defense response to polymicrobial sepsis by enhancing bacterial clearance. 20 We first investigated the role of TRPM2 in regulating HO-1 expression. BMDMs were cultured from Trpm2-KO and WT mice and were stimulated with lipopolysaccharide (control BMDMs received PBS). As expected, at 12 h after lipopolysaccharide stimulation, HO-1 expression increased in Trpm2-KO BMDMs and was significantly less than in WT BMDMs (fig. 4F ). These data suggest that TRPM2 plays a role in controlling HO-1 expression.
We then try to explore the mechanism of TRPM2mediated HO-1 expression. To confirm whether TRPM2mediated Ca 2+ influx contributes to the expression of HO-1, extracellular Ca 2+ was removed by using different concentrations of EGTA at 30 min before lipopolysaccharide stimulation. HO-1 expression increased significantly after lipopolysaccharide treatment compared with no lipopolysaccharide treatment. However, removal of the extracellular Ca 2+ dose-dependently reduced the increased expression of HO-1 ( fig. 4G ). The intracellular Ca 2+ concentration decreased in Trpm2-KO BMDMs compared with WT BMDMs at 1, 2, 12, and 24 h after lipopolysaccharide stimulation ( fig. 4H ). These results showed that TRPM2-mediated Ca 2+ influx may play an important role in regulation of HO-1 expression.
To further confirm the important role of TRPM2 for HO-1 expression during sepsis, we measured HO-1 expression levels in peritoneal macrophages from CLP-induced septic or sham-operated mice. At 24 h after CLP surgery, HO-1 expression was increased markedly in both WT and Trpm2-KO peritoneal macrophages. HO-1 levels in macrophages from Trpm2-KO mice were significantly lower than that of WT mice ( fig. 4I ).
TRPM2-mediated HO-1 Expression Is Important for Bacterial Killing in Macrophage
To investigate whether TRPM2-mediated HO-1 expression was responsible for bacterial clearance in macrophage, we performed an intracellular bacterial killing assay ( fig. 5 ). Our results showed that disruption of TRPM2 attenuated lipopolysaccharide-induced HO-1 expression ( fig. 5A) . No difference was found in phagocytic capacity between WT and Trpm2-KO BMDMs (fig. 5B ). However, the bacterial burden was greater in Trpm2-KO BMDMs than in WT BMDMs ( fig. 5C ). We next asked whether HO-1 played a role in bacterial killing. We found HO-1 inducer (hemin) could markedly increase lipopolysaccharide-induced HO-1 expression ( fig. 5D ) and decrease bacterial burden in the WT BMDMs compared with WT BMDMs treated with vehicle control (fig. 5F ). There was no significant change in phagocytic capacity after administration of HO-1 inducer (fig. 5E ). These results suggest that increased HO-1 expression improves the bacterial killing capability in macrophage. We then speculated whether disruption of TRPM2 decreased bacterial killing capability by attenuating HO-1 expression. As predicted, treatment of Trpm2-KO BMDMs with hemin markedly increased lipopolysaccharide-induced HO-1 expression ( fig. 5G ) and decreased bacterial burden 
Pretreatment with HO-1 Inducer Increases Bacterial Clearance in WT Mice after Polymicrobial Sepsis
To confirm the role of HO-1 in controlling bacterial clearance during polymicrobial sepsis, we examined whether the HO-1 inducer improved bacterial clearance in the WT mice. We found that treatment of WT mice with hemin every other day (three times) before CLP increased HO-1 expression in peritoneal macrophages ( fig. 6A ) and decreased bacterial burden in the blood, PLF, liver, lung, and spleen at 24 h after CLP ( fig. 6B ). These results indicate that increased HO-1 expression improves the bacterial killing capability of macrophages both in vitro and in vivo.
Pretreatment with HO-1 Inducer Improves Outcome by Promoting Bacterial Clearance in Trpm2-KO Mice after Polymicrobial Sepsis
To confirm the role of TRPM2 in controlling bacterial clearance during polymicrobial sepsis via HO-1 expression, we next examined whether the HO-1 inducer improved bacterial clearance in the septic Trpm2-KO mice. Indeed, treatment of Trpm2-KO mice with hemin every other day (three times) before CLP increased HO-1 expression in peritoneal macrophages ( fig. 7A ) and decreased bacterial burden in the PLF, liver, lung, and spleen at 24 h after CLP ( fig. 7B ). Pretreatment of Trpm2-KO mice with hemin improved survival compared with Trpm2-KO mice treated with vehicle control (P = 0.019; fig. 7C ).
Lung and liver injury in the Trpm2-KO mice was reversed after hemin administration ( fig. 8, A-C) . The serum IL-6 and HMGB1 levels were also decreased by hemin treatment ( fig. 8D ). We showed that hemin, an inducer of HO-1, improves outcome by enhancing the bacterial clearance in Trpm2-KO mice. Taken together, these results suggest that TRPM2 plays an important role in controlling bacterial clearance possibly by regulating HO-1 expression and contributes to the outcome of polymicrobial sepsis.
TRPM2 Expression Correlates with HO-1 Expression in Monocytes from Septic Patients and Contributes to the Outcome
To examine whether these observations can be extended to human septic patients, we initially examined the expression of TRPM2 and HO-1 in peripheral blood monocytes collected from 25 severe septic or septic shock patients and 10 nonseptic patients. The demographics of the severe septic or septic shock patients and nonseptic patients are shown in table 2. No significant differences were found between severe septic or septic shock patients and nonseptic patients with respect to age, sex, and intensive care unit stay. Severe septic or septic shock patients had higher Acute Physiologic and Chronic Health Evaluation II socre (P = 0.001), Sequential Organ Failure Assessment score (P = 0.014), and 30-day mortality (P = 0.042) compared with nonseptic patients. In severe septic or septic shock patients, 9 (36%), 14 (56%), and 2 (8%) patients had pulmonary, abdominal, and soft-tissue infections, respectively. Initial diagnoses include pneumonia (36%), intestinal perforation (32%), pancreatic (12%), liver abscess (4%), cholecystitis (4%), ileus (4%), and multiple injuries (8%). Quantitative real-time polymerase chain reaction analysis showed that septic patients who have lower monocytic TRPM2 and HO-1 mRNA levels have a worse outcome compared with those who have normal monocytic TRPM2 and HO-1 mRNA levels ( fig. 9, A and B) . No differences were found in TRPM2 and HO-1 mRNA levels between nonseptic patients and recovered septic patients. To investigate whether TRPM2 correlates with HO-1, we analyzed the expression levels of TRPM2 and HO-1 using a Spearman correlation test. We observed that the TRPM2 mRNA levels were significantly correlated with HO-1 mRNA levels (r = 0.675, P = 0.001; fig. 9C ).
Discussion
This study demonstrates that TRPM2 has an important role in survival, bacterial burden, organ injury, and systemic inflammation during polymicrobial sepsis. We found a protective role of TRPM2 in polymicrobial sepsis because its deletion in mice resulted in increased mortality. The increased mortality was associated with increased bacterial burden, organ injury, and systemic inflammation after CLP. The protective role of TRPM2 was possibly mediated by the HO-1. We found that HO-1 played an important role in bacterial clearance in macrophage. TRPM2-mediated Ca 2+ influx plays an important role in lipopolysaccharide-induced HO-1 expression in macrophage. Genetic disruption of (C) BMDMs from WT and Trpm2-KO mice were treated with E. coli at an MOI of 100 for 1 h at 37°C followed by administration of 100 μg/ml gentamicin for 12 h. Cell lysates were plated on agar plates to determine bacterial killing capability (n = 4 per group). (D) BMDMs from WT mice were treated with vehicle or 100 μM hemin for 6 h followed by treatment with 100 ng/ml LPS for 12 h. Representative gel images of HO-1 expression using Western blotting (n = 3 per group). (E) BMDMs from WT mice were treated with vehicle or 100 μM hemin for 6 h followed by treatment with E. coli at an MOI of 100 for 1 h at 37°C. Cell lysates were plated on agar plates to determine phagocytosis (n = 4 per group). (F) BMDMs from WT mice were treated with vehicle or 100 μM hemin for 6 h followed by treatment with E. coli at an MOI of 100 for 1 h at 37°C. The cells were further treated with 100 μg/ml gentamicin for 12 h. Cell lysates were plated on agar plates to determine bacterial killing capability (n = 4 per group). (G) BMDMs from Trpm2-KO mice were treated with vehicle or 100 μM hemin for 6 h followed by treatment with 100 ng/ml LPS for 12 h. Representative gel images of HO-1 expression using Western blotting (n = 3 per group). (H) BMDMs from Trpm2-KO mice were treated with vehicle or 100 μM hemin for 6 h followed by treatment with E. coli at an MOI of 100 for 1 h at 37°C. Cell lysates were plated on agar plates to determine phagocytosis (n = 4 per group). (I) BMDMs from Trpm2-KO mice were treated with vehicle or 100 μM hemin for 6 h followed by treatment with E. coli at an MOI of 100 for 1 h at 37°C. The cells were further treated with 100 μg/ml gentamicin for 12 h. Cell lysates were plated on agar plates to determine bacterial killing capability (n = 4 per group). *P < 0.05; **P < 0.01; ***P < 0.001, Student t test. Error bars denote the mean ± SEM. CFU = colony-forming units. Qian et al.
A Protective Role of TRPM2 in Sepsis bacterial burden in CLP-induced sepsis. Pretreatment of Trpm2-KO mice with HO-1 inducer decreased the bacterial burden and improved the outcome of septic Trpm2-KO mice. In addition, TRPM2 levels correlated with HO-1 levels in monocytes from septic patients, and severe septic patients who have low TRPM2 and HO-1 mRNA levels in monocytes have a fatal outcome. Therefore, our findings suggest a protective role of TRPM2 in controlling bacterial clearance during polymicrobial sepsis, possibly by regulating HO-1 expression. Fig. 6 . The heme oxygenase-1 (HO-1) inducer increases bacterial clearance in wild-type (WT) mice after cecal ligation and puncture (CLP). The WT mice were injected with 10 mg/kg hemin or vehicle (intraperitoneal) every other day (three times) before CLP. CLP surgery was performed at 24 h after last hemin or vehicle injection. Mice were euthanized at 24 h after CLP. (A) Representative gel images and densitometric quantifications of HO-1 expression in peritoneal macrophages from WT mice using Western blotting (n = 4 per group). The HO-1 protein concentration was normalized by α-tubulin. *P < 0.05, Student t test. Error bars denote the mean ± SEM. (B) Bacterial burdens in blood, peritoneal lavage fluids, or tissue homogenates were examined by counting colony-forming units (CFUs) (n = 6 per group). Each dot denotes the CFU of one mouse. *P < 0.05; **P < 0.01, Student t test. Horizontal bars denote the means. 
A Protective Role of TRPM2 in Sepsis
Two recent reports investigated the role of TRPM2 in bacterial infusion model and lipopolysaccharide-induced endotoxin model. 17, 18 However, endotoxin models are unable to faithfully reproduce the pathogenesis of human sepsis. First, serum inflammatory cytokine levels in lipopolysaccharide-injected mice are significantly higher than in clinical septic patients. Second, the inflammatory response is entirely deleterious in endotoxemia, and the immune system is not activated because there is no focus of infection. Finally, lipopolysaccharide injection frequently causes a hypodynamic cardiovascular state, whereas the hemodynamic changes during human sepsis comprise an early hyperdynamic phase and a late hypodynamic phase. 35 Bacterial infusion models also lack the infection focus, and high doses of bacteria administration do not replicate within the human septic patients. 35 CLP-induced sepsis is characterized by a systemic inflammatory response and bacteremia with hemodynamic changes that closely mimic the clinical features of human sepsis. 35, 36 To date, the CLP model is the definitive standard model for sepsis research. 34, 36 Thus, to investigate the role of TRPM2 in sepsis, we selected the CLP model that closely reflects the pathogenesis of human sepsis.
To date, many studies have focused on the effects of TRPM2 on inflammation. [15] [16] [17] 37 Yamamoto et al. 15 have shown that the production of chemokine (C-X-C motif ) ligand 2 is impaired in monocytes from Trpm2-KO mice. Parallel experiments showed that chemokine (C-X-C motif ) ligand 2, interferon-γ, and IL-12 release, neutrophil infiltration, and ulceration were strongly attenuated in Trpm2-KO mice with dextran sulfate sodium-induced colitis. TRPM2 is also required for lipopolysaccharideinduced production of IL-6, tumor necrosis factor-α, IL-8, and IL-10 in human monocytes. 16 After L. monocytogenes infection, interferon-γ and IL-12 production is also strongly suppressed in Trpm2-KO mice, which represents their reduced innate activity. 17 The decreased chemokine (C-X-C motif ) ligand 2 and inducible nitric oxide synthase induction in Trpm2-KO mice is beneficial in preventing the inflammatory and neuropathic pain. 37 In contrast, in a lipopolysaccharide-induced lung injury model, disruption of TRPM2 receptor augments the production of chemokine (C-X-C motif ) ligand 2, IL-6, and tumor necrosis factor-α in the lung and promotes lung injury in mice. 18 These discrepant roles of TRPM2 in inflammation possibly result from different models and inflammatory stimuli used. To date, the role and mechanism of TRPM2 in polymicrobial sepsis are insufficiently explored and further investigations are needed.
Although advances had made in critical care medicine and broad-spectrum antibiotics, many septic patients were unable to eradicate their infections and were more susceptible to develop secondary infections. 10 Postmortem examinations also indicated that most unrecovered septic patients had unresolved foci of infection. 10 Macrophages, the first line of host defense for killing invading microorganisms, play a central role in innate immunity. However, macrophage function is severely impaired in septic patient, resulting in an uncontrolled microbial growth. 12 One recent study found that mice deficient in the transient receptor potential vanilloid 1, a member of subgroup of the transient receptor potential family, also susceptible to CLP-induced sepsis possibly due to decreased bacterial clearance. 38 Similarly, previous study suggested that TRPM2 played an important role in controlling L. monocytogenes infection. 17 Besides these findings, Kashio et al. 14 also suggested that disruption of TRPM2 could impair the fever-enhanced phagocytic activity in zymosan-stimulated macrophages; then, we proposed whether TRPM2 plays an important role in controlling bacterial clearance in the CLP-induced polymicrobial sepsis. Using the CLPinduced polymicrobial sepsis model, we found that disruption of TRPM2 did result in uncontrolled bacterial growth, which may underlie the increased organ injury, increased systemic inflammation, and decreased survival after sepsis. 
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We next attempted to explore the role and the underlying mechanism of TRPM2 in bacterial clearance within macrophage. Chung et al. 20 have established the key role of HO-1 in bacterial clearance during microbial sepsis. In the CLP model, HO-1-null mice had significantly higher bacteremia and less survival rates compared with WT mice, and overexpression of HO-1 could significantly improve the bacterial clearance in circulating blood and decreased the mortality without producing an immunosuppressive disorder. 20 This findings provide a protective properties of HO-1 during microbial sepsis by enhancing bacterial clearance. TRPM2, an oxidative stress-activated nonselective Ca 2+ -permeable channel, mediates Ca 2+ entry into macrophages in response to lipopolysaccharide or H 2 O 2 stimulation. 15, 16 Because Ca 2+ influx is critical for HO-1 induction, 21 this allowed us to propose that TRPM2-mediated Ca 2+ influx most likely regulates HO-1 expression in macrophages. Using BMDMs from WT and Trpm2-KO mice, we first confirmed that lipopolysaccharide indeed activated TRPM2. We found that WT BMDMs stimulated with lipopolysaccharide displayed whole cell currents with a characteristic of TRPM2 channels. 15, 27, 34 Disruption of TRPM2 abolished this lipopolysaccharide-induced current. We next observed that lipopolysaccharide-induced HO-1 expression was reduced by genetic deletion of TRPM2 or by removing extracellular Ca 2+ . Consistent with previous studies, 15, 16 we also demonstrated that disrupting TRPM2 reduced the lipopolysaccharide-induced increase in intracellular Ca 2+ concentration. Taken together, these results indicate that TRPM2 may acts via Ca 2+ to control HO-1 expression. The HO-1 expression in peritoneal macrophages from septic Trpm2-KO mice was also decreased, which confirmed the role of TRPM2 in controlling HO-1 in macrophage. By performing bacterial killing experiments, we verified that TRPM2 played an important role in bacterial clearance in macrophage, possibly by regulating HO-1 expression.
The decreased expression level of HO-1 in macrophages likely underlies the decreased bacterial clearance observed in Trpm2-KO mice after sepsis. To confirm this hypothesis, the Trpm2-KO mice were injected with an inducer of HO-1 or vehicle before CLP. We observed that the Trpm2-KO mice pretreated with the HO-1 inducer showed a significant enhancement of bacterial clearance after CLP. Enhanced bacterial clearance after HO-1 inducer pretreatment explained the associated alleviated organ injury, decreased systemic inflammation, and improved survival after CLP. Therefore, disruption of TRPM2, possibly by decreasing the expression of HO-1, could impair the host's ability to clear bacterial infection. However, the detailed signaling pathways downstream of TRPM2-mediated HO-1 in bacterial killing are unclear. Recent researches suggested that HO-1 is critical for lipopolysaccharide-induced autophagy in macrophages. 39 Another more recent study showed that HO-1-mediated autophagy plays an important role in preventing liver Fig. 9 . Transient receptor potential melastatin 2 (TRPM2) messenger RNA (mRNA) levels correlate with heme oxygenase-1 (HO-1) mRNA levels in monocytes from septic patients and contributed to the outcome. (A and B) Monocyte TRPM2 and HO-1 mRNA levels from nonseptic patients (controls, n = 10) and surviving (n = 17) or nonsurviving (n = 8) severe septic or septic shock patients were examined using quantitative real-time polymerase chain reaction. TRPM2 and HO-1 mRNA was normalized to β-actin mRNA levels. Horizontal bars denote the mean values. *P < 0.05; **P < 0.01, one-way ANOVA. (C) Correlations of TRPM2 mRNA and HO-1 mRNA (r = 0.675; P = 0.001, Spearman correlation test) in monocytes from surviving (n = 17) and nonsurviving (n = 8) severe septic or septic shock patients. Qian et al.
A Protective Role of TRPM2 in Sepsis injury during sepsis. 40 Whether TRPM2-mediated HO-1 expression has a role in bacterial clearance by regulating autophagy in macrophages is unknown and required further investigated.
Although no human studies have explored TRPM2 expression during sepsis, poor induction of HO-1 was noted to correlate with a fatal outcome in patients with severe sepsis or septic shock. 41 We also observed that septic patients who have lower monocytic TRPM2 and HO-1 mRNA levels have a fatal outcome. To further confirm that TRPM2 plays an important role in HO-1 induction, we discovered that blood monocyte TRPM2 expression was significantly correlated with HO-1 expression. Reduced response of monocytes to pathogens or lipopolysaccharide stimulation coupled with impaired inflammatory cytokine production indicates immunosuppression status in severe septic patients. 10 The immunosuppression compromises the host's ability to fight against pathogens and contributes to secondary infection. 10 TRPM2, a calcium channel plays a critical role in controlling inflammatory cytokine production and HO-1 expression which are important for host to combat invading bacteria, is down-regulated in uncovered septic patients. TRPM2 might serve as a biomarker for identification of the immune state and as a target for immunoadjuvant therapy in severe septic or septic shock patients.
In summary, our study identifies a protective role of TRPM2 in host defense against polymicrobial sepsis by enhancing bacterial killing capacity, and this protection is possibly mediated by HO-1. Antiinflammatory treatments have shown little success in improving the survival of septic patients, indicating that antiinflammatory strategies may result in inadequate host defense against bacterial infection. New strategies aimed at improving protective immunity against bacterial infection may help in curing sepsis. The novel correlation between TRPM2 and HO-1 may be important for regulating macrophage function. Our data provide additional insight into the role and mechanism of TRPM2 in the pathogenesis of sepsis, and immunomodulatory intervention via TRPM2 may help in the treatment of sepsis.
